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E-mail address: rkahn@emory.eduIn this review, I summarize the likely roles played by ADP-ribosylation factor (Arf) proteins in the
regulation of membrane trafﬁc at the Golgi, from the perspective of the GTPase. The most glaring
limitations to the development of a coherent molecular model are highlighted; including incom-
plete information on the initiation of Arf activation, identiﬁcation of the ‘‘accessory proteins”
required for carrier maturation and scission, and those required for directed trafﬁc and fusion at
the destination membrane. Though incomplete, the molecular model of carrier biogenesis has
developed rapidly in recent years and promises richness in understanding this essential process.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Background
The ADP-ribosylation factor (Arf) family is an ancient family of
regulatory GTPases, predicted to have arisen in prokaryotes and
sharing a related lineage to the GTPases that regulate the synthesis
of membrane proteins in the signal recognition complex at the
rough endoplasmic reticulum (ER) [1,2]. The divergence of Ras/
Rab/Rho/Ran proteins from the Arf/Sar/SRb family is the ﬁrst
branch in the evolution of this superfamily of cell regulators of
membrane trafﬁc and other essential cell functions. These early
origins suggest that Arf family members were present for and
likely facilitated or contributed directly to the endosymbiotic ori-
gins of the eukaryotes [1,2]. The Arf family may be viewed as
evolving in parallel to the endomembrane system, as each in-
creased in complexity and acquired novel functions over time.
The Arf family is segregated into three sub-groups, the Arf, Sar,
and Arf-like (Arl) GTPases. Although an earlier phylogenetic analy-
sis failed to resolve the phylogenetic origins of Arfs vs Arls vs Sars
[3], it is reasonable to propose that the Sar proteins were the ear-
liest to arise as they have retained fundamental roles in export of
proteins from the endoplasmic reticulum (ER) throughout eukary-
otic evolution, and may have been operating prior to the origins ofchemical Societies. Published by E
-ribosylation factor; Arl, Arf-
leotide exchange factor; GGA,
s; Mint, Munc18-interactingthe Golgi. The development and elaboration of the Golgi and other
organelles of the endomembrane system [75] occurred in parallel
to those of the Arf family; from the six members present in the ear-
liest eukaryotes examined to thirty in mammals [3].
The Golgi is the central site of action for most of the six mam-
malian Arfs and several of the more numerous (22 mammalian)
Arls. Five of the six mammalian Arfs have been localized to or act
at the Golgi, with Arf6 active instead at the cell surface. The actions
of the Arf GTPases are the focus of this review, but it is important to
bear in mind that other Arf family members also localize to the
Golgi and that we have quite incomplete data on the extent of
functional overlap or speciﬁcity for regulators and effectors be-
tween Arf family members. For example, Arl1 [4], Arfrp1 [5,6],
Arl3 [7], and Arl5A, Arlf5B, Arl8A and Arl8B (Y. Li and R.A. Kahn,
unpublished observations) have each been localized at least in part
to Golgi membranes; though we have only limited information as
to their functions there. With typically 40–60% primary sequence
identity between Arfs and Arls we can expect to discover a number
of instances in which the GTPases or their modulators are found to
overlap in function and speciﬁcities. One recent example is the sur-
prising observation that the ﬁrst identiﬁed Arl2 GTPase activating
protein (GAP), ELMOD2, is also active against Arfs, despite the lack
of the Arf GAP domain [8].
The ancient origins of the Arf family and its expansion in the
number of genes/proteins and roles at Golgi membranes brings
great challenges to the dissection of speciﬁc activities and func-
tions. We have an embarrassment of riches in having more regula-
tors and effectors of Arf activities than we can accommodate intolsevier B.V. All rights reserved.
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tions have emerged as central to Arf actions at the Golgi; the
recruitment by activated Arf of protein adaptors or adaptor com-
plexes to the site of carrier biogenesis, and the reciprocal regula-
tion of Arf and lipid modifying enzymes. In this review, I
summarize aspects of Arf biology as a regulatory GTPase that im-
pact models of its actions at the Golgi to highlight key issues in
the ongoing development of molecular models of the regulation
of membrane trafﬁc.Fig. 1. Summary of Arf interactions at the Golgi. Arfs are present in cytosol of all
eukaryotic cells and interact with (predominantly planar) membranes, where the
actions of Arf GEFs (GBF1, Big1, and Big2 are implicated at Golgi) promote binding
of GTP and activation of Arf that stabilizes binding to the bilayer. The Arf-GTP
assumes the activated conformation, which has increased afﬁnity for multiple
effectors that include protein adaptors for coupling to cargos, lipid modifying
enzymes for generating local changes in membrane and additional binding sites for
other proteins, and Arf GAPs (e.g., ArfGAP1–3) that may act as effectors to recruit
other components to a nascent bud, or promote GTP hydrolysis by Arf and return to
its less active, GDP-bound conformation. The activation of Arf on the membrane
also is accompanied by insertion of the myristate into the bilayer, binding of the
amphipathic a-helix with surface head groups and, along with effector recruitment
and localized changes in lipids, promotes membrane curvature and budding of
nascent carriers.2. Arf as a regulatory GTP binding protein
To develop models of the regulation of membrane trafﬁc at the
Golgi it is essential to understand the actions of regulatory GTPases
and their history. Both the name Arf and the earliest means of
assaying its activities grew out of studies of the regulation of aden-
ylyl cyclase and the discovery of heterotrimeric GTP-binding pro-
teins (G proteins) and of G protein coupled receptors (GPCRs) as
their immediate upstream activators [9,10]. All regulatory GTPases
work in cells as molecular switches that undergo conformational
changes that result in different sets of protein interactions,
depending upon whether they bind GDP or GTP. Three sets of pro-
tein interactions are central to deﬁning the actions of any GTPase;
(1) the activating, guanine nucleotide exchange factors (GEFs) that
promote exchange of GDP for GTP, (2) GAPs that promote hydroly-
sis of bound GTP and return to the GDP-bound state, and (3) effec-
tors that bind the active conformation of the GTPase and carry out
biological responses.
2.1. Arf GEFs
The GTP-bound conformation is referred to as the active state as
it most commonly leads to a biological response, though this can
be a bit ambiguous; e.g., in the case of a GTPase like Ran that acts
bi-directionally to regulate nucleocytoplasmic transport of differ-
ent sets of proteins, depending upon the nucleotide bound [11].
Proteins that promote the binding of GTP, typically as a result of
stimulating the release of bound GDP, serve to activate the GTPase
and are collectively referred to as GEFs. The binding of a ligand to a
GPCR results in GEF activity that leads to increased production of
activated G proteins. Thus, in the case of GPCRs, G protein signaling
involves an external ligand leading to propagation of a signal inside
the cell that can activate many G proteins, present on the inner
leaﬂet of the plasma membrane, and downstream effectors. Trans-
mission of a signal across a bilayer and signal ampliﬁcation are
keys to G protein signaling that probably do not translate to GEF
activation of Arf GTPases. In addition, GPCRs are intrinsic mem-
brane proteins, while Arf GEFs are extrinsic membrane proteins
that can cycle on and off the membrane surface (e.g., [12]) and
are predicted to be capable of regulated recruitment, thoughmech-
anisms are incompletely deﬁned.
Activation of Arfs in cells requires both a GEF and a membrane.
Arfs (but not all Arls) are unique among the monomeric Ras super-
family in having their N-termini covalently coupled to the 14 car-
bon, saturated fatty acid myristate. This highly hydrophobic region
is masked to solvent in the GDP-bound conformation but becomes
exposed upon the protein assuming its active, GTP-bound confor-
mation. Thus, activation of an Arf is coincident with exposure of
its membrane anchor, consisting of both the myristate and N-ter-
minal amphipathic a-helix, and translocation onto a membrane.
It is probable that localized changes in the lipid composition or
membrane curvature act to alter the kinetics of Arf activation as
a result of changing the ability of the N-terminal myristate to insert
into the bilayer (see below). But it is also likely that in practically
all cases that a GEF is required for Arf activation at speciﬁc sites,because in at least a few instances knockdown of the GEF leads
to loss of recruitment of Arf-dependent adaptors at that site
[13,14].
Arf GEFs share the conserved Sec7 domain that has been found
on at least 16 different proteins in humans [15,16]. Some beautiful
insights into the mechanisms of action of Arf GEFs have come from
detailed structural studies of different states of Arf GEFs, alone or
complexed with the speciﬁc inhibitor of some Arf GEFs, brefeldin
A [17]. Not all of these proteins have been localized in cells or stud-
ied to the extent of deﬁning roles or locations in cells. But among
those that have been studied it is clear that GBF1, BIG1, and BIG2
are each active at the Golgi (see Fig. 1). While it was initially
thought that GBF1 localizes to the cis-Golgi and ER-Golgi interme-
diate compartment (ERGIC) [18] and the BIGs were at the trans-
Golgi network (TGN) and endosomes [19], there is growing evi-
dence that these GEFs likely act at more than one place and are
perhaps even overlapping in their sites of action [76].
If Arf GEFs play the role of GPCRs in GTPase activation, what
serves as the ligand or the initiator of Arf GEF activation? This is
perhaps the largest gap in our understanding of the regulation of
membrane trafﬁc by Arfs. One possibility is that localized changes
in lipid composition serve to initiate Arf signaling but this seems
unlikely as it could result in wasted trafﬁc of empty carriers. More
likely it is the build-up of cargo at one site that leads to the recruit-
ment of an Arf GEF and subsequent activation of Arf, with conse-
quent adaptor recruitment (e.g., [20]). Publications that describe
physical interactions between Arf GEFs and transmembrane pro-
tein cargos can be viewed as evidence supporting such a model
[13,21]. But any model of Arf activation today must be broad en-
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tion modiﬁcations, e.g., protein phosphorylation, as additional reg-
ulatory aspects of Arf activation.
2.2. Arf GAPs
Like the Arf GEFs, the Arf GAPs are deﬁned by the presence of a
speciﬁc domain, the Arf GAP domain, which leads to the prediction
of at least 23 genes/proteins sharing this activity in humans. Many
of these Arf GAP genes encode proteins with multiple splice vari-
ants and most have not been localized in cells or deﬁned function-
ally, but several have been implicated in the regulation of Arf
activities and membrane trafﬁc at or to the Golgi; including Arf
GAP1–3 [22,23], ASAP2 [24], GIT2 short [25], ARAP1 [26], and
SMAP2 [27] (Fig. 1). Most of these are large, multi-domain proteins
that likely perform scaffolding functions in the regulated assembly
and disassembly of protein complexes.
It is very likely that the Arf GAP activities of these proteins are
regulated at multiple levels. Like most every aspect of Arf biology,
the local lipid environment is important both as a result of alloste-
ric regulation of GAP activity and through the ability of some Arf
GAPs to ‘‘sense” the membrane curvature [28,29]. A number of
Arf GAPs are highly dependent upon acid phospholipids, typically
phosphatidylinositol phosphates (PIPs), for GAP activities in vitro
[30]. Interestingly, activated Arfs have been identiﬁed as capable
of the recruitment of two PI kinases and direct activation of at least
one of these, PI(4)P 5-kinase [31]. Thus, it is possible that the half-Fig. 2. Building a model for Arf regulation of carrier biogenesis at the Golgi. Almost every
to carrier biogenesis at the Golgi remain somewhat uncertain. Most speculative is step 1
assembly, through recruitment of an Arf GEF. The cargo is shown as a transmembrane pr
left most cargo. Soluble Arfs are proposed to ‘‘sample” planar membranes (step 2) indepen
3) and becomes more stably bound to the membrane as a result of insertion of the myri
different steps 4 represent Arf recruitment (4a–d) and activation (4d–e) of various effect
deformation of the planar membrane is not shown, but the mature severed carrier is sho
presence of cargo, adaptor, Arf GAP, and lipid products. The components depicted are not
actions at the Golgi.life of activated Arf is limited, at least in part, by the generation of
PIPs that activate Arf GAPs, resulting in inactivation of the Arf. Not
only the lipid composition but also the surface geometry of the li-
pid interface has been proposed to regulate the activity of ArfGAP1,
as a result of the presence of ArfGAP1 lipid-sensing packing sensor
(ALPS) domains that interact with membranes and in so doing acti-
vate GAP activities [28].
The Arf-dependent recruitment of protein adaptors to the sites
of carrier biogenesis is the mechanism of Arf action at the Golgi
with the strongest experimental support, so it is intriguing that
one such adaptor, the COPI complex, has been shown to stimulate
the GAP activity of ArfGAP1 [32]. The simplest model that emerges
from such data is that activated Arf recruits both an adaptor to cou-
ple it to cargo (the transmembrane protein to be concentrated and
sorted for inclusion in the nascent carrier) and an Arf GAP through
direct protein–protein interactions (see Fig. 2). Once the cargo-
adaptor-GAP contacts have been made, and reinforced with subse-
quent protein interactions, Arf is no longer required and the Arf
GAP promotes GTP hydrolysis and dissociation of Arf from the
growing carrier. This model is attractive in several respects but re-
quires considerable additional testing and should not (yet) be gen-
eralized to all cargo/adaptor/Arf GAPs. One prediction from this
model that is supported by later results but runs counter to earlier
predictions is that Arfs are not components of the mature carriers.
The earliest work demonstrating that Arf and COPI were compo-
nents of Golgi-derived transport carriers used the slowly hydrolyz-
able GTP analog, GTPcS, in an in vitro system and later puriﬁcationsingle step shown has been documented, but the speciﬁc contributions of most steps
, in which the accumulation of cargo is shown as the initiating event in coat protein
otein with cytoplasmic tail that contains sorting motifs, such as those shown on the
dently of other events, but when an Arf GEF is encountered, the Arf is activated (step
state into the bilayer and binding of the N-terminal helix to lipid head groups. The
ors that have each been implicated in aspects of carrier biogenesis at the Golgi. The
wn at the right (step 5). Note the absence of Arf in the mature carrier and predicted
to scale, but rather each is shown as similar in size, to highlight its likely role in Arf
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dence that Arfs are stable components of carriers emanating from
the Golgi and led to the proposal that GTP hydrolysis by Arf was
the signal to uncoat the carrier at the acceptor site. However, we
now have several instances in which Arf-dependent carriers have
been puriﬁed from cells or tissues and in each case the Arfs are ab-
sent, consistent with their dissociation prior to carrier scission
from the donor membrane [34,35].
2.3. Arf effectors
The identiﬁcation of binding partners with higher afﬁnity for
the GTP-bound (over the GDP-bound) form of heterotrimeric G
proteins led directly to molecular descriptions of the regulation
of cAMP, IP3, and other key signaling pathways in eukaryotic cells.
The availability of ligands that acutely regulated those activities
provided invaluable tools in the dissection of those pathways
and, conversely, the lack of physiologically relevant acute activa-
tors of Arf activities has clearly slowed the development of models
of Arf signaling in cells. In contrast to the situation with Arf GEFs
and Arf GAPs there do not appear to exist any conserved Arf bind-
ing domains or motifs in Arf effectors that can be used to identify
them by homology searching. Instead, Arf effectors have been dis-
covered using a variety of techniques that typically depend upon
the preferential binding to active Arfs over the GDP-bound protein.
Most productive has been yeast two-hybrid screening of cDNA li-
braries with activating point mutations in the Arf, using the wild
type Arf as a counter screen to ensure identiﬁcation of effectors
[36–38]. Those at the Golgi and presumed to be involved in one
or more Arf-dependent functions include Golgi localized, c-ear-
containing, Arf binding proteins (GGAs), Munc18-interacting pro-
teins (Mints), Arfaptins, and Arfophilin (Fig. 1). The other key
method used to identify Arf effectors was classical biochemical
puriﬁcation of a regulator of a speciﬁc enzymatic activity, including
phospholipase D [39,40] and PI(4)P 5-kinase a [31], or reconsti-
tuted trafﬁc-related assays, including COPI [33], Adaptin proteins
(AP)1 [41], and AP3 [42]. Additional key Arf effectors acting at
the Golgi are the PI(4)P binders FAPP1, FAPP2, OSBP (oxysterol
binding protein), and GPBP/CERT. These proteins each contain unu-
sual PH domains that bind both PI(4)P and Arfs [43]. In addition,
FAPP2, OSBP, and GPBP contain lipid binding domains that are
capable of transporting glycolipids, oxysterols, and ceramide,
respectively, to and from the Golgi [44]. Localized changes in the
phospholipid content of Golgi membranes by phospholipases or li-
pid kinases can also lead to the indirect recruitment to the Golgi of
structural or other key proteins, including speciﬁc isoforms of
spectrin and actin. Another Arf effector at the Golgi, and a reminder
of the close functional ties between Arf family members is found in
Gillingham et al. [45], in which the golgin GMAP-210 was shown to
be recruited to Golgi membranes by Arf1, in a manner homologous
to that of Arl1 recruiting other golgins. With more than a dozen
direct, downstream targets of activated Arfs at the Golgi, we have
more than enough options to build models for regulating mem-
brane trafﬁc but we must add another group of effectors that more
than doubles the total number of potential effectors, the Arf GAPs.
Though originally viewed as terminators of Arf signaling, it
quickly became clear that Arf GAPs have many of the same proper-
ties as effectors in (i) having higher afﬁnity for the activated form
of the GTPase, (ii) being recruited to the site of Arf action [46], and
(iii) binding to the conformationally-sensitive switch II domain
[32]. Genetic studies in yeast provided early support for viewing
at least some Arf GAPs as effectors, because all four Arf GAPs in
the yeast Saccharomyces cerevisiae were pulled out of a genomic
screen as high-copy suppressors of a loss-of-function allele of
arf1 [47]. If solely terminating Arf signaling, these Arf GAPs could
not rescue a loss-of-function mutation. It is not yet clear how thepositive signaling functions and signaling termination functions
are coordinated but it is likely that the Arf GAP activity of Arf
GAP proteins can be regulated to allow the recruitment of an Arf
GAP and associated partners to assemble onto a membrane con-
taining activated Arf. One likely regulator (see above) is a change
in the shape or lipid composition of the membrane to which they
are bound that leads to activation of the GAP activity, but other
mechanisms are also likely, including protein phosphorylation
[48,49].
2.4. Arf-dependent adaptors as regulators of membrane trafﬁc
The emergence of Arfs as essential regulators of membrane traf-
ﬁc at the Golgi parallels closely that of non-clathrin coats and the
protein adaptors required for their assembly. We now know of
three different families of adaptors or adaptor complexes that
share homologous mechanisms of action in being recruited to the
membrane by direct interaction with activated Arf and subse-
quently binding transmembrane cargos; the GGAs, Mints, and
APs families. Early studies in each of these families suggested com-
mon sites of action for the different members of each family, but
more recent results support unique mechanisms of regulation
and action for each member of each of these families, thus adding
substantially to both the complexity and potential regulatory as-
pects of membrane trafﬁc at the Golgi.
The three members of the GGA family are monomeric proteins
with conserved VHS, GAT, hinge, and c-adaptin homologous re-
gions. GGAs bind to Arfs via GAT domains and to cargo containing
DXXLL motifs through their VHS domains [50]. Immunoﬂuores-
cent and immunogold labeling of NRK cells revealed that all three
GGAs localize to endosomes and the TGN [51]. Cargos reported to
use GGAs for trafﬁc from the Golgi in mammalian cells include
the mannose-6-phosphate receptor [52], b-secretase/memapsin
2 [53], and LR11/SorLA [54]. The three GGAs have been reported
to work together in an inter-dependent fashion, though this is
certainly not true in all cases. Similarly, the close proximity of
GGAs and AP1 on the same membranes and even in the same
Golgi-derived budding carriers has led some to the belief that
these different families of adaptors also work together. This is
certainly not always true [50] and the extent to which GGAs
and AP1 may act jointly remains unknown. Indeed, in at least
one experimental system (A. Caster, P. Shrivastava-Ranjan, and
R.A. Kahn, manuscript in preparation) GGA and AP1 recruitment
appear to be competitive.
The Mint family is the most recent addition to the list of Arf-
dependent adaptors acting at the Golgi and these proteins share
common functional features with the others: direct binding to acti-
vated Arfs, the ability to be recruited to membranes by increased
abundance of speciﬁc cargo, direct binding to that cargo, composi-
tion as multi-domain proteins that recruit other proteins to pro-
mote complex assembly, and sensitivity of Golgi localization to
brefeldin A [55]. The Munc18-interacting proteins, Mint1–3, are
also known as X11/X11a/X11b, or X11/X11-like (X11L1)/X11-like2
(X11L2). Mint1 and 2 are expressed predominantly in neurons,
while Mint3 is ubiquitously expressed, including in neurons. Mints
are diverse in overall size but share common PTB and dual, C-ter-
minal PDZ domains. Arf binding to Mints requires both the C-ter-
minal part of the PTB domain plus PDZ2 [55] while cargo can
bind to any of these conserved domains. Mint-binding cargos in-
clude the Alzheimer’s disease-related amyloid precursor protein
[35,56], and presenilin1, a subunit of the c-secretase complex, as
well as several other transmembrane receptors. The most detailed
studies of a Mint acting to regulate trafﬁc of a speciﬁc cargo is that
of Mint3 regulating export of the amyloid precursor protein from
the Golgi, including its mis-sorting and delay in trafﬁc to the cell
surface in Mint3 siRNA cells [35].
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subunits of the heptameric COPI complex (see Mowbrey and Dacks
for details [75]) and so are lumped together here in one family. De-
spite this common origin, COPI is involved in early secretory trafﬁc,
regulating bi-directional trafﬁc between the ERGIC and cis-Golgi,
and possibly within the Golgi. In contrast, most APs are thought
to act at the late Golgi/TGN, except for AP2, which acts at the plas-
ma membrane. COPI is a heptameric complex consisting of seven
subunits: a, b, b0, c, d, e, and f [57], that comprise the major protein
components of the vesicles generated by treating enriched Golgi
preparations with GTPcS [33]. COPI is present in cells as a stable
complex that cycles on and off membranes in an Arf-dependent
and brefeldin A-sensitive manner. This important biochemical ap-
proach identiﬁed both COPI and Arf as essential components of
Golgi-derived, non-clathrin coated vesicles but led to the mistaken
belief that Arfs are stably incorporated into mature carriers. It is far
more likely that the presence of activated Arfs in nascent buds or
immature vesicles recruits an Arf GAP, which promotes GTP hydro-
lysis by Arf and dissociation from the maturing carrier (Fig. 2). An
obligate role for ArfGAP1 [58] and closely related roles for ArfGAP2
and ArfGAP3 [23] are consistent with this later model and support
a role for Arfs in initiating carrier biogenesis and the assembly of
the protein coat but not in the mature vesicles or in the protein
uncoating that is required for carrier fusion at the destination [59].
There are four different tetrameric protein complexes that com-
prise the adaptin family (AP1–4), and all but AP2 are thought to
function at the Golgi [60]. Each adaptin is composed of four sub-
units, sharing homology and consisting of two large (c, a, d, or e
and a b1–4 subunit), one medium (l1–4), and one small (r1–4)
subunit [61]. The l-subunits bind the YXX/ sorting motif in the
cytoplasmic tails of cargo and b-subunits recognize XXXLL motifs
[60]. The adaptins were the ﬁrst coat proteins identiﬁed because
they are components of clathrin coated vesicles, which allowed
their ready isolation and biochemical characterization [62]. Later
proteomic and reﬁned fractionation methods led to the identiﬁca-
tion of AP3 and AP4 [60]. The most recent diversiﬁcation in this
family is the presence of two tetramers, AP1a vs AP1b, which share
three common subunits but different l subunits [63]. AP1b is
found only in epithelial cells and is involved in Golgi trafﬁc to
the basolateral membrane. AP1 and AP3 have been clearly identi-
ﬁed as Arf-dependent adaptors but a direct role for an Arf in AP2
recruitment or assembly at the plasmamembrane appears unlikely
and one for AP4 is unknown. The adaptins are involved in the sort-
ing and regulated trafﬁc of a large number of cargos and can offer
such cargo distinct destinations upon leaving the Golgi/TGN. In-
deed, sources of speciﬁcity in sorting of cargo leaving the Golgi is
one of the largest unresolved questions. The presence of so many
different Arf-dependent adaptors, capable of specifying different
destinations, will require several more years to dissect. One source
of confusion is that some models for sorting and export from the
Golgi are built upon analyses of a single cargo or a single adaptor
and generalizations from such data are risky. Another confounding
issue that is surprisingly persistent is that we still struggle to
cleanly deﬁne the direction of trafﬁc of most adaptor containing
carriers. There has been a growing appreciation in recent years
for the essential contributions played by speciﬁc lipids as determi-
nants of membrane trafﬁc. As we continue to develop better meth-
ods of determining local changes in low abundance lipids our
understanding of membrane trafﬁc and determinants of speciﬁcity
will grow in parallel.
2.5. Lipids and lipid modifying enzymes as Arf-dependent regulators of
membrane trafﬁc
The idea that the membrane to which Arfs are recruited is an
integral part of carrier biogenesis is obvious and today the evi-dence supporting this assertion is overwhelming. But the details
are lacking, or at least do not ﬁt readily into a general model of
Arf-dependent carrier budding. I summarize brieﬂy here three dif-
ferent aspects of the interplay between Arf and lipid biology; lipid
modifying enzymes as effectors of activated Arfs, localized changes
in lipid composition impacts on Arf and its regulators, and mem-
brane topology as a regulator of Arf activities.
The identiﬁcation of Arf as the soluble mediator of GTP-stimu-
lated phospholipase D activity [40,64] was a technical tour de force
that initially appeared capable of providing tremendous insights
into the mechanisms of action of Arf in membrane trafﬁc. Unfortu-
nately, todaywe still lack clear evidence that Arf activation of PLD is
an obligate component of regulated membrane trafﬁc at the Golgi.
What role PLDs play in Arf signaling is thus still uncertain though
expected to be important in certain cell types and sites. PLDs hydro-
lyze phosphatidylcholine to generate phosphatidic acid (PA) and
choline. The lack of a head group in PA has led to speculation that
it is concentrated at the site of membrane deformations, including
nascent buds and the necks of more mature carriers. PA has also
been shown to have effects on Arf related proteins (see below), sug-
gesting the additional possibilities of less direct effects of PLD activ-
ity on Arf functions. Another lipid modifying enzyme for which
there is strong evidence for a direct role for Arfs as allosteric activa-
tors is PI(4)P 5-kinasea [31]. Interestingly, Arf-stimulated PI(4)P 5-
kinase activation requires PA, suggesting the possibility of these
two Arf-stimulated enzymes acting in concert. Activated Arfs have
also been implicated in the recruitment of PI 4-kinaseb to the Golgi,
which would lead to increased abundance of PI(4)P at that site. The
product of PI(4)P 5-kinase is PI(4,5)P2, which has been implicated in
a wide array of membrane activities. It is possible that PLD activa-
tion by Arfs plays an ancillary role to its more fundamental role
in the regulation of PIPs. Thus, Arfs certainly have the potential to
regulate in a spatially and temporally controlled fashion the gener-
ation of several signaling lipids at the Golgi, and other sites, and in
the coming years we can expect the development of models that
better integrate these activitieswith those of adaptor or other effec-
tor recruitment and assembly of coated carriers.
Almost since the requirement for lipids for Arf to bind GTP was
ﬁrst noted there has been disagreement on the optimal way to as-
say in vitro Arf activation and Arf GEF activities. Indeed, it can be
difﬁcult to resolve effects of speciﬁc lipids on an Arf GEF from those
on the nucleotide exchange reaction by Arfs. It is clear that
PI(4,5)P2 can have dramatic and speciﬁc consequences to in vitro
nucleotide binding by Arfs [65] but whether this occurs in cells is
difﬁcult to test and remains unproven. The dramatic and acute ef-
fects of brefeldin A or the slower acting siRNA of Arf GEFs on
recruitment of Arf-dependent adaptors is consistent with the con-
clusion that Arf GEFs are required for Arf activation, but I still con-
sider it likely that localized changes in lipids play ancillary roles in
Arf activation and activities of at least some Arf GEFs. Signaling lip-
ids (including PI(4,5)P2, PI(3,4,5)P3, and PA) have also been found
to be potent allosteric activators of the multi-domain Arf GAPs
ASAP1, ARAP1, and AGAP1. The lipid composition of any mem-
brane also has dramatic effects on recruitment of Arf effectors.
For example, the b and l subunits of APs bind speciﬁc phosphoin-
ositides; l1 binding to Yxx/ motifs is enhanced by PI(3)P and b-
subunit binding to XXXLL motifs is inhibited by PI(3,4)P2 but unaf-
fected by PI or PI(4,5)P2 [66]. Perhaps the best example of Arf effec-
tors with close ties to lipids and lipid signaling are the FAPPs, OSBP,
and CERT (see above). They each contain a PH domain that binds
both activated Arfs and PI(4)P [43]. Recruitment to the late Golgi/
TGN is brefeldin-A sensitive, conﬁrming a role for Arf, but also re-
quires the PI(4)P. Thus, we see a clear example of dual regulation of
effector recruitment by both Arf and a lipid. FAPPs play critical
role(s) in export from the Golgi, though how they may be linked
to other Arf-dependent adaptors or effectors is still under study.
R.A. Kahn / FEBS Letters 583 (2009) 3872–3879 3877Thus, local lipid environments can certainly contribute, along with
protein–protein interactions, to the speciﬁcity and afﬁnity required
for adaptor recruitment and subsequent cargo sorting (Fig. 2) [67–
69].
A number of potentially important ﬁndings have emerged in re-
cent years that point to membrane topology or curvature as a reg-
ulator of Arf activities and, conversely, that Arf activation may
contribute to changes in membrane topology. Bigay et al. [28] pro-
vide evidence that changing the curvature of liposomes leads to
changes in the activity of ArfGAP1 as a result of the membrane
insertion of the ArfGAP1 lipid packing sensor (ALPS) domain. This
very attractive hypothesis provides a novel means of regulating
an enzymatic activity, speciﬁcally Arf GAP, and predicts that Arf-
GAP1 would be activated during carrier biogenesis, as the nascent
carrier deforms the planar, donor membrane. A prediction from
such a model would be that Arfs are absent from the mature carri-
ers, which runs counter to earlier models in which Arfs are stably
incorporated into mature carriers. Indirect support for the model
comes from the observations in at least three different puriﬁed,
coated carrier populations that Arfs are absent. Despite the attrac-
tion of themodel of membrane curvature as a component in Arf sig-
naling, it is quite difﬁcult to cleanly resolve effects of membrane
curvature from those of liposome composition, lipid packing, mem-
brane ﬂuidity, charge density, and others, so additional tests of this
hypothesis should be devised. A related hypothesis that has gained
a lot of attention recently is that the binding of activated Arf to a
membrane leads directly to its deformation. This is based upon
homologies to the actions of the Sar1 GTPase, the most distant
member of the Arf family, as regulator of protein export from the
ER and to dynamin as the GTPase involved in carrier scission [70].
An interesting extension of the membrane curvature model can
be found in the work of Liu et al. [71], in which the ﬁrst structure of
an N-myristoylated Arf protein was described. This paper included
the observations that the GDP-bound form of yeast Arf1 appears to
have a preference for interacting with larger, more planar mem-
brane mimetics. Thus, the possibility was raised that Arf-GDP
may be more prone to interact with planar membranes, where
interaction with an Arf GEF would generate the activated Arf-GTP
(Fig. 1), with subsequent recruitment or activation of Arf effectors
and Arf GAPs, many of which promote carrier biogenesis and mem-
brane curvature, which could activate the Arf GAP activity and pro-
mote release of Arf from the carrier prior to its maturation and
scission, as shown in Fig. 2.
2.6. Toward a model of the role of Arfs at the Golgi
The Arf family is an ancient group of regulatory proteins that
has been expanded throughout the evolution of eukaryotes. This
expansion in gene/protein number is predicted to have allowed
greater complexity in cellular signaling and ﬁner degrees of regu-
lation, e.g., allowing distinctive regulation by the same or overlap-
ping sets of GTPases at different sites of the endomembrane system
or of different cargos within a common membrane site. We still
have a very limited understanding of the extent of functional over-
lap between the members of the Arf family and even between the
different isoforms of Arf at the Golgi (Arf1–5) [72]. An emerging
theme in Golgi protein structural work is that many of the key pro-
teins act as dimers. It has recently been argued that Arfs can
homodimerize on membranes [73] and this raises the additional
possibility of different Arfs forming heterodimers, further increas-
ing the number of potential signaling complexes [72]. The role of
Sar1, the most divergent member of the Arf family, at the ER is sim-
ple in comparison, well deﬁned and clearly distinguishable from
Arfs in location. Yet Sars and Arfs are thought to play homologous
roles in regulating carrier biogenesis through the recruitment of
adaptor/coating proteins and promotion of membrane curvature[70]. We know that Arfs and Sars diverged very early in evolution,
with a predicted shared function at that point, and thus it is rea-
sonable to begin model building for Arfs as primary regulators of
carrier biogenesis at the Golgi through recruitment of adaptors
and localized changes in lipids, despite the large amount of evi-
dence for important regulatory functions at other sites and with
other effectors.
One model for Arf actions at the Golgi is shown in Fig. 2. It
shows a cargo with one or more sorting motifs in the cytoplasmic
tail as the initiator of Arf signaling, by facilitating the recruitment
of an Arf GEF, which is then present to help ‘‘capture” an Arf by
promoting GTP binding and consequent increase in stability on
the membrane. Note that Arf GEFs are also known to bind other
proteins on Golgi membranes [74] so this model is not intended
to exclude the participation of other proteins in Arf GEF recruit-
ment or cargo concentration. The activated Arf then recruits a
number of types of proteins, including adaptors for cargo bind-
ing/concentration (4a), Arf GAP(s) (4b), lipid kinases (4c–d), and
phospholipase D (4e). We do not know if all of these are involved
in every Arf-dependent budding event or if subsets are used by
Arf at different sites or for different cargos. In addition to changes
in localization of proteins to the site of carrier biogenesis, Fig. 2
also highlights some predicted changes in phospholipids, resulting
from recruitment and activation of enzymatic activities, depicted
in green and shown incorporated into the mature carrier at the
right. Carrier puriﬁcation and lipidomics have not yet advanced
to the point where we can actually determine the lipid content
of donor, carrier, and acceptor membranes so these changes are
speculative and inferred from the changes in enzyme activities
shown. The mature carrier (step 5) is also enriched in cargo and
the speciﬁc adaptor used in sorting. Thus, the overall cycle de-
picted is one in which the accumulation of a speciﬁc cargo at a do-
nor membrane leads to Arf activation and subsequent recruitment
of the protein machinery, in parallel with changes in the phospho-
lipid content of the underlying membrane, that work together to
generate the carrier, which can be identiﬁed based upon its cargo
and/or adaptor content. I expect that variations on this theme will
explain a large fraction of trafﬁc from the Golgi. This model clearly
omits some key elements of the process, e.g., regulators of scission
(e.g., dynamins), binding of the carrier to cytoskeletal ﬁlaments
(e.g., microtubules), motor proteins that will propel it along the ﬁl-
ament (e.g., kinesins), and fusion machinery. Model systems have
been developed in a number of laboratories that will allow many
of the key questions mentioned above to be answered. We will
need several such models for comparison as the diversity in signal-
ing and regulation of membrane trafﬁc is certain to be large. But it
will also clearly be worth the effort if it allows us to better under-
stand the key aspects of regulation of speciﬁc cargos at speciﬁc
sites, and the generation of drugs capable of altering speciﬁc trafﬁc
toward beneﬁcial clinical outcomes.
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